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As the global climate changes, the higher latitudes are seen to be warming significantly
faster. It is likely that the Arctic biome will experience considerable shifts in ice melt
season length, leading to changes in photoirradiance and in the freshwater inputs
to the marine environment. The exchange of nutrients between Arctic surface and
deep waters and their cycling throughout the water column is driven by seasonal
change. The impacts, however, of the current global climate transition period on the
biodiversity of the Arctic Ocean and its activity are not yet known. To determine
seasonal variation in the microbial communities in the deep water column, samples were
collected from a profile (1-1000 m depth) in the waters around the Svalbard archipelago
throughout an annual cycle encompassing both the polar night and day. High-throughput
sequencing of 16S rRNA gene amplicons was used to monitor prokaryote diversity. In
epipelagic surface waters (<200 m depth), seasonal diversity varied significantly, with
light and the corresponding annual phytoplankton bloom pattern being the primary
drivers of change during the late spring and summer months. In the permanently dark
mesopelagic ocean depths (>200 m), seasonality subsequently had much less effect on
community composition. In summer, phytoplankton-associated Gammaproteobacteria
and Flavobacteriia dominated surface waters, whilst in low light conditions (surface
waters in winter months and deeper waters all year round), the Thaumarchaeota and
Chloroflexi-type SAR202 predominated. Alpha-diversity generally increased in epipelagic
waters as seasonal light availability decreased; OTU richness also consistently increased
down through the water column, with the deepest darkest waters containing the greatest
diversity. Beta-diversity analyses confirmed that seasonality and depth also primarily
drove community composition. The relative abundance of the eleven predominant taxa
showed significant changes in surface waters in summer months and varied with season
depending on the phytoplankton bloom stage; corresponding populations in deeper
waters however, remained relatively unchanged. Given the significance of the annual
phytoplankton bloom pattern on prokaryote diversity in Arctic waters, any changes to
bloom dynamics resulting from accelerated global warming will likely have major impacts
on surface marine microbial communities, those impacts inevitably trickling down into
deeper waters.
Keywords: Arctic,marinemicrobiology, seasonality, nutrient cycling, depth, climate change, phytoplankton bloom,
mesopelagic
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1. INTRODUCTION
Polar regions are vulnerable and most sensitive to global climate
change. Therefore, there is an increasing research focus needed
on these high latitude environments. During the annual cycle, the
poles undergo some of the most extreme environmental changes
on the planet, from that of the subzero permanently dark winter
to the relative warmth and perpetual daylight of the summer.
The extensive biodiversity of these regions is understandably
well-adapted to these periodic shifts but accelerated atmospheric
warming is irrefutably altering conditions here and therefore
needs to be studied in detail. The Arctic is warming three times
faster than the global mean warming rate (Trenberth et al., 2007)
and the extent and thickness of sea ice in the polar oceans is
steadily decreasing (Chen et al., 2009), at a rate of up to ten
percent per year (Comiso et al., 2008). Recent decades have
also seen the summer melt season increase in length (Markus
et al., 2009) and the percentage of thin first-year ice increase as
compared with thicker multiyear ice (MYI) (Comiso, 2012), such
that the late summer Arctic Ocean may be ice-free before the end
of the twenty-first century (Boe et al., 2009) or sooner still (Kerr,
2012). Some of these striking environmental changes occurring
in the Arctic are related to the inflow of Atlantic water to the
Arctic Ocean. TheWest Spitsbergen Current passing through the
eastern Fram Strait is the most significant inflow to the Arctic
Ocean and it has intensified over the last decades (Schauer et al.,
2004). Increased inflow of the warm and highly saline Atlantic
Water affects water column stability and is also probably one
of the main drivers of the recent sea ice loss north of Svalbard
(Onarheim et al., 2014; Randelhoff et al., 2015). The cumulative
consequence of these effects has been the exposure of polar seas
to increasing levels of solar radiation (Perovich et al., 2007).
Furthermore, enhanced permafrost thawing (Romanovsky et al.,
2010) in concert with the profound influence of several large
river systems (an hydrology peculiar to the Arctic) (Anderson,
2002) and a greater erosion of exposed coastlines (Lantuit et al.,
2012), is leading to an increased terrigenous input of carbon
to the Arctic Ocean (Frey and McClelland, 2009). All of which
has the potential to radically impact the primary production
and successive trophic levels of the polar marine environment
(Anderson and Macdonald, 2015).
The greater part of high latitude research has been carried
out in the Arctic (predominantly due to the relative logistical
ease of working in the region when compared with Antarctica)
and the Svalbard archipelago in particular has become a
key site for Arctic marine studies, particularly with regards
to its being the confluence of both the Arctic and Atlantic
Oceans (Hop et al., 2002, 2006; Svendsen et al., 2002). The
ocean around the Western coastline of Svalbard is a sea ice-
associated pelagic ecosystem (Svendsen et al., 2002) and as
with other high latitude locations, seasonal variations in light
(and thus in primary production) are more pronounced here
than elsewhere. The extreme seasonality of these environmental
drivers has revealed a number of trends particular to the polar
regions. A single major spring bloom along the retreating ice
edge accounts for >50% of the annual primary production
around Svalbard and in the Northern Barents Sea (Sakshaug,
2004). By late summer, this develops into a successional post-
bloom stage, comprising different phytoplankton populations
(Sherr et al., 2003) and it follows, their different associated
successional heterotrophic prokaryote consortia, in particular
the Flavobacteriia and Gammaproteobacteria classes (Alonso-
Sáez et al., 2008; Teeling et al., 2012). This phenomenon of
the polar phytoplankton blooms (Williams et al., 2013) followed
by the heterotrophic bacterial populations also seemingly drives
the annual disappearance of the chemolithoautotrophic marine
Archaea from surface waters (Kalanetra et al., 2009; Alonso-
Sáez et al., 2012; Pedneault et al., 2014) and the subsequent
seasonal fluctuations in prokaryote diversity (Murray et al., 1998;
Ghiglione and Murray, 2012; Grzymski et al., 2012; Ladau et al.,
2013).
A significant fraction of the phytoplankton primary
production sinks out of these surface waters (Reigstad et al.,
2008), contributing a single annual major input of organic
carbon and energy to the microbial communities residing
in dark mesopelagic and deep waters. This subsurface realm
dominates the global ocean biome and whereas the Arctic
Ocean is the shallowest of the five major oceanic divisions,
still its average depth is >1000 m deep. These aphotic zones
are characterized by higher pressures, lower temperatures and
higher inorganic nutrient concentrations than the photic surface
waters above (Arístegui et al., 2009; Orcutt et al., 2011). Yet it is
these physicochemical factors, in addition to their remoteness
from the surface wind effects and solar irradiation that affect
the upper layers so, that also determines their characteristic
stability (Orcutt et al., 2011). The waters at these depths contain
the largest pool of microbes in aquatic systems (Whitman
et al., 1998) and play a major role in ocean biogeochemistry,
comprising extraordinarily high genetic and metabolic diversity
(Arístegui et al., 2009). The marine snow (primarily dissolved
and particulate organic matter) produced by the spring and
summer phytoplankton blooms in the stratified epipelagic
zone is transported down during winter into the mesopelagic
zone by convective mixing and subduction after cooling of
the sea surface (Arístegui et al., 2009; Grzymski et al., 2012).
Chemolithoautotrophic processes (such as archaeal ammonia
oxidation) then come into play during the dark winter months
(Grzymski et al., 2012) and the resulting nitrate buildup fuels
the subsequent phytoplankton spring bloom (Connelly et al.,
2014). However, should suggested models of a freshening Arctic
be correct (Comeau et al., 2011), surface Arctic basin waters
in a warming world may become increasingly stratified, such
that the vertical flux of nutrients between deeper waters and the
epipelagic zone may be reduced; primary productivity would
consequently be lessened and this annual biogeochemical cycle,
so essential for Arctic Ocean productivity, would inevitably be
disrupted (Tremblay et al., 2008).
As the majority of Arctic studies of marine microbial
communities have either been carried out in the more amenable
spring and summer seasons or in shallow waters, the primary
objective of the present study was to expand upon these data.
More specifically, we wished to identify the key mediators of the
prokaryotic microbial community in the Atlantic water inflow to
the Arctic Ocean during the light-driven summers vs. the dark
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winter night, seasons characterized by the massive variation in
availability of fresh photosynthesis-derived carbon. Additionally,
we intended to compare the cold, deep and dark mesopelagic
ocean with the cold, shallow and dark surface waters above, to
gain more insight into the driving mechanisms resulting from
such environmental conditions. High-throughput sequencing
technologies have previously highlighted the extreme microbial
seasonality of the polar regions (Kirchman et al., 2010; Christman
et al., 2011; Connelly et al., 2014). In this study we implement
the same technologies to sequence reverse-transcribed total RNA
(with its significantly shorter life span than DNA) to provide a
timely snapshot of the more metabolically-active fraction of the
marine microbial community.
2. MATERIALS AND EXPERIMENTAL
METHODS
2.1. Sampling
Samples were taken from various transects bisecting the West
Spitsbergen Current along the coast of Svalbard, a Norwegian
archipelago in the Arctic Ocean (Figure 1) from the research
vessels RV Lance and RV Helmer Hanssen, operating under
either the MicroPolar and Carbon Bridge projects (Table 1).
Samples (25–50 L) representative of the water column profile
were collected from a range of water masses (defined in Paulsen
et al., 2016) between 1m and 1000 m (Table 1) using Niskin
bottles mounted on a rosette deployed from the vessels. Water
samples were filtered through 0.22µm Sterivex Filter Units
(Merck-Millipore, MA, USA) via a peristaltic pump and frozen
at−80◦C immediately.
2.2. Chlorophyll a Measurement
The concentration of chlorophyll (chl) a was determined
fluorometrically (Parson et al., 1984). Sample water was filtered
onto triplicate Whatman GF/F glass-fiber filters (Sigma-Aldrich,
MO, USA). The chl a on the filters was immediately extracted
in 5 mL methanol (>99.8% v/v) at 4◦C in the dark for 12 h
without grinding. The fluorescence of the extracts was measured
with a fluorometer (Model 10-AU, Turner Designs, CA, USA),
calibrated with pure chl a (Sigma-Aldrich).
2.3. RNA Extraction
RNA were extracted directly from filters with the AllPrep
DNA/RNA Mini Kit (Qiagen, CA, USA) using a protocol
modified from the manufacturer’s instructions. Briefly, filters
were thawed on ice and an extraction buffer (comprising
990µL Buffer RLT Plus and 10µL β-mercaptoethanol per filter)
prepared. Extraction buffer (1 mL) was added to each filter and
filters vortexed vertically for 2 min, inverted and vortexed for
a further 2 min. Lysate was removed from the filter using a 10
mL syringe and transferred to a 1.5 mL microfuge tube. Lysate
(700µL) was loaded on to an AllPrep DNA spin column and
centrifuged for 30 s at 8000 × g, saving the flow-through for
subsequent RNA extraction. Centrifugation steps were repeated
for any remaining lysate volume, as necessary.
One volume 70% (v/v) ethanol was added to the flow-through,
mixed by pipetting and 700µL transferred to an RNeasy spin
column in a 2 mL microfuge tube, before centrifugation for
15 s at 8000 × g. Centrifugation was repeated for the remaining
liquid volume as necessary, discarding the flow-through each
time. Buffer RW1 (700µL) was added to the RNeasy spin column
and the tube centrifuged again for 15 s at 8000 × g and the
flow-through discarded. Buffer RPE (500µL) was added to the
RNeasy spin column and the tube centrifuged for 15 s at 8000× g,
discarding the flow-through. Buffer RPE (500µL) was again
added to the RNeasy spin column and the tube centrifuged for
2 min at 8000 × g. The RNeasy spin column was placed in
a fresh 2mL microfuge tube and centrifuged for 1 min at full
speed. The RNeasy spin column was placed in a fresh 1.5 mL
microfuge tube and 50µL RNase-free water added to the spin
column, before centrifugation for 1 min at 8000 × g. RNase-
free water (50µL) was added to the spin column again and
the centrifugation repeated. The eluate (100µL) was stored at
−20◦C.
The quantity and quality of RNA were assessed using a Qubit
3.0 Fluorometer (Thermo Fisher Scientific Inc., MA, USA) and
by agarose gel electrophoresis.
2.4. Reverse Transcription and PCR for
High-Throughput Sequencing (HTS) Library
Construction
RNA (10 ng) was treated with the DNA-free DNA Removal
kit (Invitrogen, CA, USA), prior to reverse transcription using
the SuperScript III First-Strand Synthesis System for RT-PCR
(Invitrogen), as per the manufacturer’s instructions. The V4
region of the 16S rRNA gene was amplified from cDNA
using a two-step nested PCR approach. In the first step,
triplicate samples were amplified using primers 519F (5′-
CAGCMGCCGCGGTAA-3′) (Øvreås et al., 1997) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′) (Caporaso et al., 2011).
The reaction mixture consisted of 10µL HotStarTaq Master Mix
(Qiagen), 500 nM of each primer, 10 ng of cDNA and nuclease-
free water to bring the total volume to 20µL. Reactions were
initially denatured for 15 min at 95◦C, followed by 25 cycles of
denaturation at 95◦C for 20 s, primer annealing at 55◦C for 30 s
and extension at 72◦C for 30 s, followed by a final extension step
of 72◦C for 7 min. Triplicate amplicons were pooled and purified
using the DNA Clean & Concentrator-5 kit (Zymo Research
Corporation, CA, USA), as per the manufacturer’s instructions,
and quantified using a Qubit 3.0 Fluorometer.
In the second step, pooled amplicons were amplified by
nested PCR using MID-tagged primers 519F and 806R in a
reaction mixture comprising 25µL HotStarTaq Master Mix,
500 nM of each primer, 50 ng of pooled DNA, and nuclease-
free water to bring the total volume to 50µL. Reactions were
initially denatured for 15 min at 95◦C, followed by 15 cycles
of denaturation at 95◦C for 20 s, primer annealing at 62◦C for
30 s and extension at 72◦C for 30 s. This was followed by a
final extension step of 72◦C for 7 min. The quantity and quality
of RNA was assessed by agarose gel electrophoresis. Amplicons
were purified using Agencourt AMPure XP Beads (Beckman
Coulter Inc., CA, USA) and quantified again using a Qubit 3.0
Fluorometer and by agarose gel electrophoresis. MID-tagged
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FIGURE 1 | Map showing sampling locations and sea ice extent around the Svalbard Archipelago. Maps were generated using the Global Self-consistent
Hierarchical High-resolution Geography (GSHHG) data from the National Geospatial-Intelligence Agency (NGA), distributed under the GNU Lesser General Public
License (LGPL). Ice data were provided by the Norwegian Ice Service (MET Norway) for the following dates; January 10, March 7, May 23, August 12, and November
7, 2014.
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amplicons were then pooled in equimolar amounts for library
construction.
Libraries were sent to the Norwegian Sequencing Centre
(Oslo, Norway) for HTS on a MiSeq platform (Illumina, CA,
USA) using the MiSeq Reagent Kit v2 (Illumina).
2.5. Bioinformatic Analyses
16S rRNA gene sequences were processed using a custom
BioPython (Cock et al., 2009) script incorporating various
bioinformatic tools, along with the QIIME pipeline (Version
1.8.0) (Caporaso et al., 2010b). Briefly, FASTQ files were quality
end-trimmed at a phred quality score ≥20 using Sickle (Version
1.33) (Joshi and Fass, 2011) and PhiX contaminants and adapters
removed using Bowtie 2 (Langmead and Salzberg, 2012) and
cutadapt (Martin, 2011), respectively. Paired-end reads were
merged using PANDAseq (Masella et al., 2012) and all reads <200
bp removed. The remaining sequence reads were checked for
chimeras with the identify chimeric seqs and filter fasta scripts in
QIIME, using usearch61 (Edgar, 2010) and the ChimeraSlayer
(Haas et al., 2011) reference database (Gold.fa) found in
the Broad Microbiome Utilities suite (http://microbiomeutil.
sourceforge.net/). The pick de novo otus script in QIIME (using
default parameters) was used for de novo OTU picking (using
uclust (Edgar, 2010) and a sequence similarity threshold of
97%), taxonomy assignment (using PyNAST, Caporaso et al.,
2010a) at 90% sequence similarity against the Greengenes core
reference alignment database (Release 13_8) (DeSantis et al.,
2006), and finally, the assembly of a table of OTU abundances
with taxonomic identifiers for each OTU. OTUs were grouped by
different taxonomic levels using the summarize taxa and plot taxa
summary QIIME scripts. Rarefaction curves and Chao1 values
were calculated using QIIME’s alpha rarefaction script, whilst
principal coordinate analysis plots used the beta diversity through
plots script. All statistical figures were produced using the R
Software Environment (R Core Team, 2013). High-throughput
sequencing data were submitted to the European Nucleotide
Archive (ENA) under Accession Number PRJEB19605.
3. RESULTS
3.1. Environmental Data
The dataset comprised fifty two samples in total, with the
numbers of samples taken on each cruise (Table 1) varying with
prevailing conditions and ship access time. Summer and winter
conditions in the Arctic Ocean around Svalbard are very different
(Figure 1) and much of the archipelago is ice-bound during the
year, with the dark polar night persisting for almost threemonths.
The study area (Table 1) is hydrographically characterized by
Atlantic water masses, either as pure Atlantic water [AW; T
(temperature) > 2◦C and S (salinity) > 34.92; (Walczowski, 2013)
and references therein], or as modified colder water masses, such
as cold Atlantic Water (cAW) with 0 < T < 2◦C (S > 34.9)
and Intermediate Water (IW) T < 0◦C (S > 3 4.9) (de Steur
et al., 2014). Arctic water (ArW) was found at some stations
and depths. Not all water classified here as ArW necessarily
originated from the central Arctic Ocean. This may instead
have been water that had undergone freshening and cooling
processes, and hence had a density ρθ > 27.7 kg m−3 and S
<34.92 (or 34.9 when cooler than 2◦C). These are also the physical
characteristics for ArW in the central Arctic Ocean. Cold surface
water (SW; ρθ > 27.7 kg m−3 and S < 34.92) was encountered
at stations within the marginal ice zone, created by sea ice melt.
Sea ice extended furthest North during the winter months, and
furthest South during May and August, prohibiting sampling
north of Svalbard during the summer months. Consequently,
most stations sampled in May and August were covered by ice,
while all stations sampled during March and November were
situated in open waters.
Concentration of chl a (a proxy for phytoplankton biomass)
showed a clear seasonal cycle in phytoplankton, with lower
concentrations throughout the water column during the dark
winter months and March, higher concentrations in surface
waters in May, and intermediate concentrations in August
(Table 1). Detailed investigations of the phytoplankton showed
a major shift from communities dominated by smaller-celled
zooplankton during winter and March, to spring bloom
communities dominated by large-celled phytoplankton, such as
diatoms and Phaeocystis colonies in May (M. Reigstad, Personal
Communication). In August, the phytoplankton communities
were diverse and dominated again by smaller cells. The
community shift from May to August reflects the general
shift from nitrate-based phytoplankton communities in May to
phytoplankton communities based on regenerated production
in August (M. Reigstad, Personal Communication). In the deep
mesopelagic waters, there was much less variation in biological
and chemical properties than surface waters over the course of
the year.
3.2. Prokaryote Diversity
After quality trimming and chimera removal, the complete
16S rRNA dataset (targeting the V4 region) comprised 7 902
016 sequence reads from 52 samples, with on average 127
452 reads per sample, totalling 470 567 OTUs (75.7% of these
[356 512 OTUs] were singletons). Prokaryote communities were
dominated by taxa typical of marine environments, including the
bacterial classes Alphaproteobacteria, Gammaproteobacteria and
Chloroflexi-type SAR202 and the archaeal class Thaumarchaeota
(Figure 2). The relative abundances of these major classes
were seen to vary significantly with season and depth.
The Thaumarchaeota, Chloroflexi-type SAR202, AB16 (Marine
Group A, originally SAR406) and Deltaproteobacteria were
only observed to predominate in waters where light availability
was low (in surface waters during the winter months and
in deeper waters the year round). Representation of the
Gammaproteobacteria and Flavobacteriia however was greatest
when light availability and phytoplankton levels were highest (in
epipelagic waters in the summer months). In the darker months
(January, March and November), the relative abundances of the
Alphaproteobacteria were recorded at similar levels irrespective
of sample depth. InMay however, levels were substantially higher
in deeper waters, whilst August saw an abrupt shift to similarly
high levels in surface waters.
Principal coordinate analyses (PCoA) on unweighted UniFrac
distances (Figure 3) indicated that light availability and depth
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TABLE 1 | Chemical and biological parameters for samples taken from the Arctic Ocean around the Svalbard Archipelago in 2014.
Montha Station Latitude (◦North) Longitude (◦East) Depth (m) Temperature (◦C) Water massb Chl a (µg L−1)
Januaryc B16 81.77 19.16 1 −1.85 SW 0.02
20 −1.85 SW 0.02
500 +0.95 cAW 0.00
1,000 −0.27 ArW 0.00
B8 81.43 17.88 1 +2.20 AW NA
20 +2.19 AW 0.03
500 +2.28 AW 0.01
1,000 −0.25 IW 0.01
Marchm St1 80.77 16.12 20 +3.13 AW NA
St2 81.99 20.02 1 −1.80 SW 0.05
320 +2.00 cAW 0.01
1,000 −0.10 IW 0.00
St3 82.51 19.39 1 −1.80 SW 0.05
20 −1.50 SW NA
St4 82.38 19.87 1 −1.78 ArW 0.07
20 −1.70 ArW 0.04
St5 82.55 21.03 20 −1.70 ArW 0.06
120 +0.80 ArW 0.04
320 +2.10 AW NA
1,000 −0.45 IW NA
St6 80.86 15.08 20 +3.20 AW 0.02
1,000 −0.40 IW NA
Mayc P1 79.97 10.69 1 +1.01 SW 11.56
10 +1.87 ArW 8.34
365 +2.30 cAW 0.82
P3 79.73 9.35 1 −0.34 SW 13.46
10 −0.19 SW 14.49
375 +2.37 cAW 0.27
P4 79.78 6.17 1 −0.97 SW 5.54
20 +1.05 SW 8.98
500 +2.70 AW 0.04
1,000 −0.81 IW 0.01
Augustc P5 79.97 10.75 1 +6.03 SW 3.31
20 +5.79 SW 2.44
200 +4.20 AW 0.17
P6 80.86 15.02 1 −1.00 SW 0.00
25 +3.01 SW 0.20
500 +2.16 AW 0.35
1,000 −0.46 IW 0.33
P7 80.69 15.28 1 +0.11 SW 0.01
25 +4.98 AW 0.18
500 +3.40 AW 1.23
1,000 −0.24 IW 0.47
Novemberm St1 78.99 10.00 20 +3.30 ArW 0.21
St2 79.01 1.97 750 +0.50 cAW 0.01
St3 79.02 11.33 20 +2.30 SW 0.08
300 +3.63 AW 0.07
St4 79.03 6.01 5 +3.66 AW 0.11
20 +3.67 AW 0.10
200 +3.69 AW 0.07
500 +1.87 cAW 0.02
1,000 −0.39 IW 0.04
aResearch Cruise, c, Carbon Bridge; m, MicroPolar; bSW, Surface Water; ArW, Arctic Water; AW, Atlantic Water; cAW, Cold Atlantic Water; IW, Intermediate Water; NA, Not Available;
c Carbon Bridge; m MicroPolar.
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FIGURE 2 | Taxonomic diversity and relative abundance at the class level of prokaryotes from samples collected from the Arctic Ocean at different
times, locations and depths. Sequences were taxonomically assigned to the Greengenes database (DeSantis et al., 2006) using QIIME (Caporaso et al., 2010b).
For clarity of presentation, unassigned sequences and classes comprising <1% of the total number of sequences within a sample were simply classified as “Other”
(gray), whilst sequences affiliated with phylum Cyanobacteria class Chloroplast were removed. (A) January, (B) March, (C) May, (D) August, and (E) November.
(of which light availability is a factor) primarily drove the
phylogenetic beta-diversity across prokaryote communities,
with three clearly separated clusters; one cluster (Figure 3A)
containing communities from deep and dark mesopelagic
waters, predominantly those samples collected from January,
March and November; a second cluster (Figure 3B) comprising
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FIGURE 3 | Principal Coordinate Analysis (PCoA) of unweighted UniFrac distances of prokaryote 16S OTUs in putative Epipelagic (<200 m depth; blue
squares) and Mesopelagic (200–1000 m depth; red circles) Zones of the Arctic Ocean. Text in the figure at each point refers to sampling station and depth;
B8–16 (January), M St1–6 (March), P1–4 (May), P5–7 (August), and N St1–4 (November). PC, principal coordinate. Ellipses around the clusters labeled (A–C) were
added to the figure manually for descriptive purposes only.
communities from samples collected from shallow and light
epipelagic waters in May and August only; and a third cluster
(Figure 3C), an admixture of communities from shallow and
dark epipelagic waters in January, March and November and
mesopelagic waters from May and August. Prokaryote alpha-
diversity generally decreased as light availability increased to a
maximum in the summer (Figure 4 and Figure S1). Within each
sampling period, Chao-1 estimates of OTU richness increased
with increasing depth, with deeper waters containing a greater
richness than surface waters, with maximum richness over the
year observed in the deepest January samples. In surface waters,
richness decreased until a minimum in August, before increasing
again as light availability decreased during the late autumn.
The seasonal and depth variation in the relative abundance of
eleven major prokaryote taxa (Figure 5) confirmed the impact
of increased light availability and the resulting phytoplankton
blooms on Arctic marine microbial populations in epipelagic
waters. Generally, the dominant taxa in surface waters
were seen to exhibit either a significant positive or negative
population change in the summer months, whilst corresponding
populations in deeper waters remained relatively unchanged.
The relative abundance of 16S rRNAs derived from chloroplasts
reached a maximum in May (Figure 5) and this was reflected
by maxima in the Oceanospirillaceae, Alteromonadaceae
and Flavobacteriaceae and minima in the archaeal family
Cenarchaeaceae, Rhodospirillaceae, Nitrospinaceae and OM27,
moving from March into May - in all these taxa, relative
abundance increased substantially with the transition into
the darker winter months. The family AEGEAN185 were
unusual in that there was sharp decrease in the May relative
abundance in deeper waters, as were the group SAR324 which
saw concurrent minima in both surface and deeper waters.
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FIGURE 4 | Chao1 estimates of prokaryote 16S OTU richness in putative Epipelagic (<200 m depth) and Mesopelagic (200–1000m depth) Zones of the
Arctic Ocean. The ends of the box represent the 25th and 75th percentiles, the whiskers represent minimum and maximum range, the band inside each box
represents the median and the black circles represent outliers.
The second bloom in August, characterized by a different
phytoplankton community to the earlier May one (E. S. Egge,
Personal Communication), saw maxima in both the families
Halomonadaceae and Rhodobacteraceae.
4. DISCUSSION
Recent advances in high-throughput sequencing technologies
and software development for data management and processing
have helped to shed light on the composition and seasonal
dynamics of marine microbial communities, suggesting that
many follow cyclical and predictable patterns (Fuhrman et al.,
2006, 2015). Our study collected water samples in the seas
around Svalbard from nominal depths ranging from 1 to
1000 m throughout the year, spanning the whole spectrum
of environmental light conditions from the total darkness of
the polar night to the perpetual illumination of the polar day.
Our analysis of prokaryote 16S ribosomal RNA diversity using
high-throughput sequencing confirmed that the microbial
communities of Arctic waters during the polar winter and
summer varied significantly. Additionally, this data suggested
that seasonal and depth-related light availability and sea
conditions and the associated phytoplankton blooms are
the primary drivers for successional changes in community
composition in these waters. Phylogenetic diversity increased
with decreasing illumination, with regards to both seasonality
and water depth, with the greatest richness to be found in the
deepest and darkest water samples. The phytoplankton bloom
and post-bloom stages dominated surface water communities
in May and August, respectively, and saw corresponding
increases in the relative abundance of bloom-associated
copiotrophic organisms related to the Gammaproteobacteria
and Flavobacteriia. The chemolithotrophic Thaumarchaeota
Frontiers in Marine Science | www.frontiersin.org 9 April 2017 | Volume 4 | Article 95
Wilson et al. Microbiology of an Arctic Polar Year
FIGURE 5 | Temporal variability of selected strong indicator prokaryote 16S phylotypes (at the family level) in putative Epipelagic (<200 m depth) and
Mesopelagic (200–1000 m depth) Zones of the Arctic Ocean.
and Chloroflexi-type SAR202 dominated deep aphotic waters
all year round but varied significantly in surface waters with
varying light levels, proliferating in the dark winter months and
diminishing in the well-lit summer months. Whether these taxa
were responding directly to the changes in light availability or
nutrient composition, or were outcompeted by the resulting
phytoplankton blooms and successional prokaryotes is not
known. The objectives of this research were to assess these
microbial communities in time and space and investigate how
these organisms respond down through the water column to the
extreme variations in surface environmental conditions during
the polar year.
We observed distinct seasonal fluctuations in prokaryote
diversity, comprising high richness in the darker autumn and
winter months and lower richness in the late spring and summer
(Gilbert et al., 2012; El-Swais et al., 2015), similar to other surveys
of surface waters in high latitude marine ecosystems (Murray
et al., 1998; Murray and Grzymski, 2007; Ghiglione and Murray,
2012; Grzymski et al., 2012; Ladau et al., 2013). Phylotype
richness peaked in January and then decreased through the year
(Figure 4) until the annual minimum in August, coincident with
the late summer phytoplankton post-bloom, before increasing
again in the late autumn. Cyclic annual patterns of prokaryote
community structure have been observed in waters off the
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Antarctic Peninsula (Murray et al., 1998; Church et al., 2003;
Murray and Grzymski, 2007) and had sampling in our study
persisted, we predict that phylotype richness would likely have
peaked again in January (Fuhrman et al., 2015). Rarefaction
curves (Figure S1) also indicated that there was a distinct change
in the number of unique phylotypes with season, which contrasts
with seasonal pyrosequencing data for the Western Arctic
(Kirchman et al., 2010). However, the authors do concede that
the depth of their sequencing efforts may not have captured the
complete diversity of these communities. Samples in the current
study were rarified to 62500 sequences (tenfold higher than that
of Kirchman et al., 2010) and this was sufficient to illustrate
seasonal differences in community diversity. Whilst rarefaction
curves for the May and August surface samples approached
an asymptote, showing that coverage by these libraries was
high, sequencing efforts for the winter months were typically
undersaturated, as evidenced by the continued upwards curve of
the January samples even at 170 000 reads (data not shown).
There was a clear trend in the variation in relative proportions
of the two prokaryote domains in surface waters over the
annual cycle, with the Archaea increasing to maxima in the
winter months and decreasing to almost undetectable levels
in the summer months (Figure 5). This was reflected in
reverse by the Bacteria, mirroring seasonal observations of
near-surface prokaryote communities in the Western Arctic
(Alonso-Sáez et al., 2008). In our study, the Proteobacteria
were the most abundant bacterial phylum throughout the
year and of these, it was the class Gammaproteobacteria that
predominated, particularly in the summer months, along with
class Flavobacteriia of the phylum Bacteroidetes (Figure 2).
The high relative abundance of these taxa in coastal waters
around Svalbard (Zeng et al., 2013) has been associated with the
release of dissolved organic matter following a phytoplankton
bloom (Ghiglione and Murray, 2012; De Corte et al., 2013;
Buchan et al., 2014; El-Swais et al., 2015) and they are seen
to dominate Arctic MYI communities (Bowman et al., 2012).
The Gammaproteobacteria are typically seen to increase toward
the summer months (Alonso-Sáez et al., 2008) and of the
strong indicator phylotypes determined during the study year,
three of the top five (Oceanospirillaceae, Halomondaceae and
Alteromonadaceae) were members of this class (Figure 5).
Members of both the Oceanospirillaceae and Alteromonadaceae
are known to be r-strategist, broad substrate generalists and
are frequently seen to be closely-associated with phytoplankton
blooms (Teeling et al., 2012; Buchan et al., 2014; El-Swais
et al., 2015). However, in comparison with the abundance
of physiological and genomic studies of bloom-associated
Bacteroidetes and Alphaproteobacteria strains, there is a relative
paucity of data regarding the Gammaproteobacteria (Buchan
et al., 2014).
Recent whole genome analyses of various members of
the Bacteroidetes have confirmed long-held assumptions of a
preference for and selective advantage of the phylum when
growing on complex organic matter (Abell and Bowman, 2005;
Teeling et al., 2012; Fernández-Gómez et al., 2013;Williams et al.,
2013), such as that typically produced by marine phytoplankton
(Passow, 2002). Consequently, Bacteroidetes and phytoplankton
are often found in close association in polar waters (Grossart
et al., 2005; Piquet et al., 2011; Williams et al., 2013) with
the relative abundance of the former significantly correlated
with the emergence of the late spring blooms (Alonso-Sáez
et al., 2008). During May of 2014, the Flavobacteriaceae were
notable by their prolific increase in relative abundance from
negligible levels inMarch, congruent with the spike in chloroplast
16S rRNA abundance (Figure 5) and chl a maxima (Table 1).
Secondary bacterial production is typically correlated with chl a
concentration (Buchan et al., 2014). The Flavobacteriaceae are
one of the most commonly found groups in polar ecosystems
(Abell and Bowman, 2005), particularly in the summer months
(Grzymski et al., 2012; Williams et al., 2012), frequently
comprising the majority of Bacteroidetes sequences in these
environments (Ghiglione and Murray, 2012; Williams et al.,
2013) and amongst the first groups to respond to phytoplankton
blooms (Williams et al., 2013). Previously, the Flavobacteriia
have been found at peak abundance during the decay phase of
a bloom (Riemann et al., 2000; Pinhassi et al., 2004) but this
was not the case in our post-bloom August samples (Figure 2).
Proteorhodopsins, which support photoheterotrophic growth,
have however been found in flavobacterial isolates (Gómez-
Consarnau et al., 2007) previously and this may explain the
peak abundance observed during the higher photoirradiance
conditions of May. It has been suggested that increased numbers
of Bacteroidetes would be found in the water column during
spring and summer as a consequence of increased melting sea
ice, either by seeding, as persistent members of sea ice biota
(Bowman et al., 2012; Lo Giudice et al., 2012) or as a result
of growth on organic matter released by the thawing (Piquet
et al., 2011). As an abundance of Flavobacteriial proteins involved
in oxidative stress protection have also been recovered from
Antarctic metaproteomes, this suggests that the group may also
exhibit a higher tolerance to the high solar irradiance found in
polar spring and summer waters (Williams et al., 2013) and may
indeed come to play a more dominant role in the surface layers
of an ice-free Arctic.
A notable outcome immediately apparent from the 16S rRNA
phylogenetic diversity data was the glaring disparity in the
relative abundance of Alphaproteobacteria, when compared with
previously published studies which saw them dominate polar
waters (Alonso-Sáez et al., 2008; Manganelli et al., 2009; Bowman
et al., 2012; Williams et al., 2013; Zeng et al., 2013). Closer
examination revealed that the ubiquitous SAR11 were notable
by their unusually low representation in the dataset, with their
relative abundance no higher than 2.5% during the entirety
of the study. The SAR11 typically comprise the greater part
of observed Alphaproteobacteria in global marine communities
(Morris et al., 2002), and more pertinently in the Arctic (Alonso-
Sáez et al., 2008; Kirchman et al., 2010; Bowman et al., 2012). In a
previous study in Svalbard coastal waters (De Corte et al., 2013),
SAR11 were only detected at the 16S rDNA level, none being
detected in the 16S rRNA; in the present investigation however,
similarly low levels of SAR11 were discerned in both 16S rDNA
and rRNA (data not shown). In silico analysis of the universal
prokaryotic primer set 519F-806R (Øvreås et al., 1997; Caporaso
et al., 2011) used in this study suggested a low-binding efficiency
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of the reverse primer with the SAR11 cluster, an inherent flaw
of the primers confirmed in recent studies (Apprill et al., 2015;
Parada et al., 2016). Preliminary shotgun metagenomic data
for this same polar time-series did reveal a significantly higher
abundance of SAR11 (up to 28% of total prokaryote abundance;
data not shown) and so, we can assume that the SAR11 are likely
underrepresented in this 16S tag amplicon data set.
Members of the Alphaproteobacterial families
Rhodospirillaceae and Rhodobacteraceae were however
highly abundant in Arctic waters over the year, with both
taxa appearing to be significantly correlated (negatively and
positively, respectively) with different phytoplankton bloom
stages (Figure 5). The Rhodobacteraceae were themost abundant
OTUs recorded in late summer seas off Svalbard (Zeng et al.,
2013) and the genus Roseobacter within this family has been seen
to peak with chl amaximum in the Western Arctic (Alonso-Sáez
et al., 2008), which is assumed to relate to this taxon’s common
association with phytoplankton blooms (González et al., 2000;
Pinhassi et al., 2004; West et al., 2008; Buchan et al., 2014). In the
current study however, Roseobacter species were not detected at
the Genus level using the Greengenes database (DeSantis et al.,
2006) but comparison of unassigned Rhodobacteraceae OTUs
with BLAST confirms that they were present, albeit not at the
levels seen in similar studies during the polar summer (Grzymski
et al., 2012).
The Arctic Ocean has the greatest freshwater input of
any ocean (Carmack, 2007) and so as might be expected,
the Betaproteobacteria, one of the most prevalent groups in
freshwaters, were present in the surface marine samples all year
round (Figure 2) albeit at low levels; it is the corresponding
absence of rivers in Antarctica which supports their recorded low
levels in Southern Oceans (Ghiglione et al., 2012). Interestingly,
we observed that the relative abundance of Betaproteobacteria
in surface water samples decreased as a function of distance
either from the coast or from the pack ice. A number of large
glacial fjords flow into the Western coastal waters off Svalbard
(Figure 1) and the Betaproteobacteria have been retrieved from
Kongsfjorden there (Zeng et al., 2009, 2013; Piquet et al., 2010).
The group have also been seen to predominate in Arctic pack
ice summer melt pools (Brinkmeyer et al., 2004), which might
further seed ocean waters upon thawing. In more temperate
latitudes, the abundance of Betaproteobacteria decreases with
increasing salinity (Garneau et al., 2009) but in the colder waters
of the Arctic, they may persist further offshore (Pedrós-Alió
et al., 2015). With climate change bringing with it increased
freshwater inputs to the Arctic Ocean, we may also see the
relative abundance of the Betaproteobacteria in marine microbial
communities rise.
The lower diversity of surface waters during summer appears
to be related to both taxonomic and methodological factors;
whilst the spike in carbon and nutrient concentrations following
a phytoplankton bloom inevitably leads to the proliferation of a
few specific bacterial groups (Buchan et al., 2014), the elevated
levels of phytoplankton in surface waters can often overwhelm
efforts to sample representatively. Indeed, during this study,
filters were frequently blocked by phytoplankton cell debris
and consequently, without preventative measures, chloroplast
16S rRNAs would routinely comprise >90% of amplicon tag
sequences, thereby reducing the sequencing coverage of targetted
prokaryotes. Accordingly, prokaryote richness in surface waters
during the winter months (and in deeper waters year round) was
considerably higher, potentially also due to the more complex
composition of the dissolved organic carbon pool (Alonso-Sáez
et al., 2008) in darker waters not dominated by just a few bloom-
related taxa.
Whilst light availability is thought to be the main driving
factor in the epipelagic zone (Giovannoni and Stingl, 2005),
conditions within deep dark waters are far from homogenous
(Hewson et al., 2006; Teira et al., 2006; Galand et al., 2010).
The oceans comprise regional water masses, defined by their
distinct temperature and salinity properties, and these circulate
around the globe at different spatial scales. Our sampling
area off the west coast of Svalbard is notable as being the
confluence of North Atlantic and Arctic waters and depending
on sample season, location and depth, the deep water column
may comprise a number of different water masses (Table 1).
A study of the deep Arctic Ocean suggested that these water
masses may act as physical barriers to microbial dispersal and
that communities within these water masses may therefore have a
distinct biogeography (Galand et al., 2010). Preliminary analyses
of our data however did not seem to suggest a relationship
between water mass and community composition (data not
shown), with the effect of light and depth being much more
significant (Figure 3).
Microbial life in the mesopelagic zone is quite different from
that of the epipelagic zone (Orcutt et al., 2011) and whilst the
absence of light is the most obvious difference, the deep oceans
are also typically colder and at a higher pressure (increasing
by approximately 10 MPa km−1 depth) than surface waters.
Within each seasonal sample in our study, there was a clear
difference in prokaryote composition between epipelagic and
mesopelagic communities (Figure 2) and as might be expected,
these differences were much more pronounced during the lighter
months of May and August, driven by the massive change
in surface communities during the phytoplankton blooms. In
the darker months, communities were much more similar with
depth and were dominated throughout the water column by
the Thaumarchaeota and Chloroflexi-type SAR202. Seasonal
changes had little effect on mesopelagic communities, with the
moderate variations in prokaryote diversity congruent with the
relatively unchanging nature of the deep marine environment.
However, we do see a significant difference in phylotype
richness in mesopelagic waters between January and the other
months and one reason for this might very well be January’s
placing in the polar year, in the middle of the dark Arctic
winter. The phytoplankton bloom results in a single annual
pulse of nutrients and in the successional development of
mesozooplankton and heterotrophic prokaryotes, the bulk of
the simple compounds will be degraded relatively rapidly in the
photic surface waters. What is left sinks as marine snow, which
continues to be metabolized by the prokaryote community on
its way down through the water column. By the time much
of this matter reaches the mesopelagic depths, several months
after the initial deposition from surface waters, what remains
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is likely to be diverse relcalcitrant compounds. The primary
factor differentiating the deep ocean from surface waters is
that metabolic reactions are based only on chemical redox
reactions (rather than photosynthetic processes) and much more
variably coupled temporally, spatially and functionally (Orcutt
et al., 2011). The more diverse chemical processes ongoing in
the deep ocean will therefore likely require more functionally
(and phylogenetically) diverse organisms than in surface
waters, the richness of which seemingly peaks in the winter
months.
Unmitigated atmospheric warming will undoubtedly affect
gross changes in the marine environment and its phytoplankton
populations through increased photoirradiation and nutrients
made available by thawing sea ice and permafrost (Li et al., 2009;
Doney et al., 2012; El-Swais et al., 2015), respectively. Whilst the
phytoplankton blooms are restricted to the well-lit upper layers
of the ocean, the effects of their prolific but short-lived activity
are seen throughout the deep ocean beneath. As these summer
blooms are inextricably linked to the deep and dark activities
of the winter blooms of chemolithoautotrophic organisms, a
change in one system will inevitably be manifested in the
other, potentially via more subtle effects on specific taxonomic
or functional prokaryote groups. As major contributors to the
marine nitrogen cycle (Nicol and Schleper, 2006) and the
dominant chemolithoautotrophs in polar waters, the role of
the Thaumarchaeota (previously classified as members of the
phylum Crenarchaeota Brochier-Armanet et al., 2008) is well-
established (Fuhrman et al., 1992; DeLong et al., 1994; Karner
et al., 2001). More recently, the cyclical rise (during winter)
and decline (in summer) of the group in the surface waters
of polar regions has received some attention (Murray et al.,
1998, 1999; Church et al., 2003; Alonso-Sáez et al., 2008, 2012;
Grzymski et al., 2012; Williams et al., 2012) and indeed, our
data confirmed these findings. The almost total disappearance of
the Thaumarchaeota from the photic zone during the summer
months (Figure 5) is therefore suggestive of photoinhibition of
ammonia oxidation (Guerrero and Jones, 1996; Murray et al.,
1998; Mincer et al., 2007; Schleper and Nicol, 2010; Merbt et al.,
2012), or has been more recently posited, a sensitivity to reactive
oxygen species produced as a result of photosynthesis (Tolar
et al., 2016). The reasons may however be multifactorial and
it is thought that the Archaea may also be outcompeted by
phytoplankton (Murray et al., 1998; Ward, 2000, 2005; Church
et al., 2003; Herfort et al., 2007; Smith et al., 2014) and Bacteria
(which are much more active in the uptake of the labile bloom-
produced substrates Alonso-Sáez et al., 2008; Kalanetra et al.,
2009), or even subjected to selective viral infection (Labonté
et al., 2015). The proportional abundance of Thaumarchaeota
has been correlated with ammonium concentrations (Herfort
et al., 2007; Kirchman et al., 2007) and their peak abundance
in winter surface waters has been hypothesized to result from
mixing with deep water masses in Antarctic seas (Kalanetra
et al., 2009; Grzymski et al., 2012); however, in areas of the
Arctic Ocean where the water column tends to remain stratified
during the winter (Forest et al., 2011), recent data suggests
that the increase is in fact due to growth and proliferation of
surface water Thaumarchaeota populations in situ (Alonso-Sáez
et al., 2012). As the polar winter precludes photosynthesis and
consequently, a source of labile organic matter, the autotrophic
Thaumarchaeota are ideally adapted to bloom in these otherwise
limiting conditions (Pedrós-Alió et al., 2015). Interestingly, in
both Arctic (Alonso-Sáez et al., 2012) and Antarctic (Kalanetra
et al., 2009; Grzymski et al., 2012) winter surface waters, a single
Thaumarchaeotal OTU was seen to dominate archaeal 16S rRNA
and ammonia monooxygenase amoA gene libraries and we saw
a similar dominance in Arctic winter surface waters; however,
as we continued down through the water profile, this dominant
OTU gradually yields to another Thaumarchaeotal OTU, which
ultimately dominates deeper waters. These shallow and deep
cladal differences have been described in ammonia-oxidizing
Archaea (AOA) previously, based primarily in differences in
their amoA genes (Francis et al., 2005; Sintes et al., 2013;
Pedneault et al., 2014; among others) but also other metabolic
genes (Sintes et al., 2013; Luo et al., 2014; Villanueva et al.,
2015).
Any change in Thaumarchaeota populations may have
significant impacts on certain of the phytoplankton populations.
In unlit surface waters, the Thaumarchaeota oxidize ammonium
to nitrate, which in turn promotes phytoplankton growth
come the lighter months; however, as the larger diatoms are
thought to outcompete picophytoplankton for nitrate (Stolte and
Riegman, 1995), diatom populations may be proportionally more
affected by a loss of Thaumarchaeota (Comeau et al., 2011).
Conversely, a warming freshening Arctic will be increasingly
stratified and there will be less mixing with the nutrient-rich
depths, potentially favoring smaller picophytoplankton (Li et al.,
2009).
Taxa showing similar seasonal dynamics to the
chemolithotrophic Thaumarchaeota in surface waters were
the Deltaproteobacteria-affiliated SAR324, Nitrospinaceae and
OM27 (Figure 5), all of which saw drops in relative abundance
during the summer months. The nitrite-oxidizing genus
Nitrospina has been observed in winter-only samples from
both Antarctic (Grzymski et al., 2012) and Arctic (Alonso-Sáez
et al., 2010) waters, as well as in temperate waters (El-Swais
et al., 2015) and has also been correlated with amoA-containing
Thaumarchaeota in Monterey Bay (Mincer et al., 2007). Whilst
we recorded generally higher levels of all three taxa in winter
surface and year-round deeper waters, active populations
were still detected in surface waters in summer months, albeit
at much lower levels. The Chloroflexi-type SAR202 cluster
is also typical and highly abundant in mesopelagic waters
(Morris et al., 2004; Varela et al., 2008; Arístegui et al., 2009;
Dobal-Amador et al., 2016). Recent studies have shown the
Chloroflexi to be well adapted to deeper oligotrophic waters
and to efficiently utilize recalcitrant organic compounds uptake,
such as those found in the mesopelagic zone (Yilmaz et al.,
2016).
5. CONCLUSIONS
This high-throughput sequencing study of a polar year in
the Arctic Ocean revealed the driving force of light and
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phytoplankton blooms on the marine prokaryote community,
and in particular the Thaumarchaeota, in both surface and
deep ocean waters. Investigations such as this one and others
discussed in the text are fundamentally important as a historic
record of the current microbial state of the polar oceans and
an indicator of the ongoing rate of change (Ducklow et al.,
2009). Additionally, we believe that it is crucial to consider
the deeper water column in these studies, as part of a whole,
dynamic and interconnected marine system. As a complement
to this study, we are also investigating shotgun metagenomic
and metatranscriptomic data for these same seasonal samples,
which will greatly improve the resolution of these preliminary
results. We suggest that the future progress of the field would
benefit greatly from repeated longer-term investigations, in
concert with the continued improvement of omics tools and in
this manner, we hope that these data may be used to support
the overwhelming physical evidence of our changing global
climate.
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